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Abstract. The effect of high-temperature heat treatment on purity and structural changes of multiwalled carbon
nanotubes (MWCNTs) were studied by subjecting the raw MWCNTs (pristine MWCNTs) to 2600°C for 60 and 120 min.
Thermogravimetric analysis (TGA), X-ray diffraction, Raman spectroscopy, transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) were used to study the effect of heat-treatment duration on the
purity and structural changes of MWCNTSs. Results show that high-temperature heat treatment can be used to
purify MWCNTs with proper optimization of treatment time. It was observed that 60 min heat treatment of raw
MWCNTs imparts high purity and structural perfection to MWCNTSs, while 120 min heat treatment imparts struc-
tural degradation to MWCNTs with collapse of the innermost shells. The present study indicates that metal impu-
rities act as moderators in controlling the degradation of MWCNTSs up to certain duration, and once the metal

impurities escape completely, further heat treatment degrades the structure of MWCNTs.

Keywords.

1. Introduction

Large-scale synthesis of multiwalled carbon nanotubes
(MWCNTs) is generally carried out by chemical vapour
deposition (CVD) process. This method involves decom-
position of hydrocarbons at a prescribed temperature and
pressure under controlled quantities of catalysts [1]. In gen-
eral, either transition metals (d-block elements like iron,
nickel, etc.) or organometallic complexes (e.g., ferrocene)
are decomposed to generate the metal catalyst. Although cat-
alyst helps in the generation of carbon nanotubes (CNTs)
with controlled diameter, it remains in the final product as an
impurity. As a result of this as-synthesized MWCNTSs con-
tain metal catalysts as impurities. Besides the metal catalysts,
MWCNTs are also known to contain other carbonaceous
impurities such as amorphous carbon. Removal of impurities
is the first essential step to use CNTs for any application.

In general, purification of MWCNTs is carried out by a
two-step process [2]. In the first step selective oxidation is
carried out to remove the amorphous carbon. This involves
subjecting the raw MWCNTs (containing metal impurities
along with the amorphous carbon) to an approximate temper-
ature of 450°C in air. During this process, amorphous carbon
will be selectively oxidized and removed. This is because
amorphous carbon is more reactive as compared with
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MWCNTs. In the second step, MWCNTSs having metallic
impurities are refluxed in strong acids. During this process,
metallic impurities are removed by dissolution in strong
acids. However, the above method of purification, involving
refluxing the MWCNTs in strong acids, suffers from the
major drawback of creating defects on MWCNTs as expos-
ing to strong acids is known to cause structural degradation to
MWCNTs [3.,4].

To overcome the problem of structural damage to the
CNTs by the above purification method, alternate purifica-
tion methods were tried by different research groups. Some
of them are magnetic method, centrifugation method, high-
temperature heat treatment method, etc. [2]. These methods
rely on the differences in the physical size, gravity, magnetic
properties or thermal stability of the MWCNTSs as com-
pared with the impurities. As these methods do not involve
oxidative treatments and acid exposure of MWCNTs for
purification, they do not impart any structural damage to
the MWCNTs. However, most of these methods are less
effective in terms of final degree of purity of MWCNTs.
Various purification methods reported for MWCNTSs along
with their advantages and limitations were reviewed by Peng
et al [2] and Sato et al [5]. Among various purification
methods that they have summarized, high-temperature heat
treatment (above 2500°C) in inert atmosphere is identified
as one of the best methods, especially for the purification
of large quantities of MWCNTs. This is because, besides
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giving highly pure MWCNTs, this method is also known to
give enhanced structural perfection to MWCNTs [6-10].
Although it is widely reported that high-temperature heat
treatment gives improved structural perfection to MWCNTs,
more understanding on the mechanism involved in the
structural changes taking place during the high-temperature
treatment is necessary. This is because some unwanted
changes to the CNT structure during high-temperature heat
treatment like transformation of single-walled carbon nan-
otubes (SWCNTSs) to MWCNTs, disappearance of the inner
walls of the MWCNTs and their transformation to double-
walled carbon nanotubes (DWCNTs) were reported [11,12].
On the other hand, formation of carbonaceous material
deposit on MWCNTs surfaces at high temperatures was
also reported [13]. Table 1 gives the summary of some typi-
cal observations reported on the structural changes to CNTs
due to high-temperature heat treatment. From table 1, it is
clear that many unwanted structural changes take place to
CNTs, although CNTs with high purity can be obtained
with the high-temperature heat treatment method. Hence,

Table 1.

mechanisms involved in high-temperature purifications of
CNTs need thorough understanding to obtain CNTs with
high purity and also with enhanced structural perfection.

Purification by the high-temperature heat treatment
method involves a two-step process. In the first step amor-
phous carbon and other carbonaceous impurities are removed
by heating the MWCNTs at around 450°C in air. In the
second step, MWCNTs will be heat treated up to approxi-
mately 2500°C in inert atmosphere to remove all the metallic
impurities which will get eliminated by evaporation.

In this work, we have studied the effect of duration (60 and
120 min) of high-temperature heat treatment for MWCNTs
at 2600°C under inert atmosphere on purity and structural
changes to MWCNTs.

2. Raw materials

MWCNTs synthesized by the chemical vapour deposition
method were procured from M/s Chemapal Industries Ltd.,

Typical reported microstructural changes to CNTs due to high-temperature heat-treatment method.

d-spacing for dgg, (in nanometres)

Ip/lg ratio (from Raman)

HTT Type of CNTs P AA

P AA Remarks & reference

2800°C & 30 mins MWCNTSs 0.348 0.339

2800°C & 60 mins MWCNTs 0.339 0.335

2150°C & 30 mins MWCNTSs — —

2500°C & 300 mins MWCNTSs — —

2250°C & 45 mins MWCNTs 0.3425 0.3414

3000°C & 45 mins MWCNTs 0.3425 0.3398

2500°C for 30 mins  DWCNTs — —

2800°C & 30 mins DWCNTs — —

2400°C & 120 mins ~ SWCNTs — —

2800°C & 15 mins SWCNTs Disappearance of hkO
reflections indicating
decrease in the

crystallite order

0.9845 0.2315 Observed crack like voids,
carbon soot contamination [13]
d-spacing changing from base
of the tube to apex of the tube [6]
Heating under vacuum can
remove encapsulated metal
impurities even at low
temperatures [7]
Sublimation and disappearance
of inner tubes [11]
Increased degree of
graphitization, but microstructural
defects are not completely
removed [8]
Microstructural defects are
removed, but side grafts (kinks)
are observed [8]
Disappearance of narrow tubes,
diameter enhancement of inner
tubes, breakage of tubes with
formation of MWCNTs,
flaky carbon [14]
Breakage of DWCNTs, formation
of MWCNTs, flaky carbon [14]
SWCNTs transformed to
MWCNTs [12]
Transformation of SWNCTs
to MWCNTs [15]

0.9 0.45

0.226 0.141

0.226 0.1306

RBM modes disappears,
D-band shoots up

HTT: heat treatment time & temperature, P: prestine, AA: after annealing.
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Mumbai. MWCNTs in the pristine conditions (as procured)
were having the following features:

1. Metallic impurities : 36 wt%
2. Diameter : 20-30 nm
3. Length : 2—4 um

SEM images of the raw MWCNTs are shown in figure 1. It
can be observed that MWCNTs are highly entangled in the
as-received form (figure la and b). It can be seen that white
lustrous pockets of metallic impurities are present along with
the raw MWCNTs.

3. Experimental

MWCNTs (of approximately 200 g in a batch) were loaded
into a graphite crucible having a volume of 1000 ml. Graphite
crucible was kept inside the high temperature furnace and
heated to 2600°C under the nitrogen atmosphere at atmo-
spheric pressure. Typical heating cycle involved heating the
furnace up to 1200°C at a heating rate of 2°C min~', and then

Figure 1. SEM images of the raw MWCNTs: (a) and (b) highly
entagled bundles of MWCNTSs with white and lustrous metallic
impurities (indicated by arrows).

raising the temperature from 1200 to 2600°C at a heating
rate of 1.5°C min~!. Once the furnace temperature reached
2600°C, then soaking (holding the furnace temperature) was
carried out. Two different batches of MWCNTSs were soaked
for different durations namely 60 and 120 min. Hereafter,
MWCNTs soaked for 60 min are referred to as 60 min heat-
treated MWCNTSs, while the MWCNTSs soaked for 120 min
are referred to as 120 min heat-treated MWCNTSs. After fur-
nace was cooled to room temperature, MWCNTSs, sample
was collected and the purity of MWCNTSs was measured
with thermogravimetric analysis (TGA). TGA was carried
out at a heating rate of 10°C min~! from room tempera-
ture to 850°C under compressed air flow (50 ml min~").
Microstructural changes associated with the heat treatment
processes were determined by X-ray diffraction (XRD,
Philips PWD, Model No. 1830, The Netherlands), Raman
spectroscopy (Jobin Yuan, Model: 64,000X), scanning elec-
tron microscopy (ESEM, FEI, Quanta 400, The Netherlands)
and transmission electron microscopy (TEM, Tecnai 20, FEI,
The Netherlands).

4. Results and discussion

Thermogravimetric analysis results of the MWCNTSs (raw)
and MWCNTs heat treated for 60 min (purified MWCNTSs)
are shown in figure 2. During TGA studies, in the presence of
oxygen and high temperature, CNTs and other carbonaceous
impurities burnout leaving behind the metallic impurities.
When the carbonaceous materials start to oxidize, it results
in a rapid weight loss which can be observed from approxi-
mately 550°C for the raw MWCNTSs. The weight loss con-
tinued to increase until it reached a stable plateau region near
approximately 650°C. The residual weight of approximately
36% indicates the weight percentage of metallic impurities
present in the raw MWCNTs. From the TGA pattern of
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Figure 2. Graphs showing the metallic impurity level (shown by arrow) in MWCNTs

as obtained from TGA studies.
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Figure 3. TGA of 120 min heat-treated MWCNT.
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Figure 4. XRD patterns of the raw, high-temperature heat-treated
MWCNTs. Peak asymmetry for 60 min heat-treated MWCNTs
indicates initiation of internal distortions. Two prominent peaks
for 120 min heat-treated MWCNTs indicate the formation of two
different interlayer spacings due to structural degradation.

60 min heat-treated (purified) MWCNTs it can be seen that
the residual weight drops to base value. This indicates the
absence of any metallic impurities. It can be seen from the
TGA curves that 60 min heat-treated MWCNTSs are stable to
up to 700°C where as raw MWCNTs were oxidized at 550°C
itself (figure 2). This indicates enhanced thermal stability for
the 60 min heat-treated MWCNTSs. This could be attributed
to the fact that in the absence of metallic impurities (which
were removed by evaporation) there is no catalyst which can
promote the oxidative decomposition of MWCNTSs at lower
temperatures. Besides this, high-temperature heat treatment
is known to remove the microstructural defects of MWCNTSs
which also contributes to their enhanced thermal stability [8].

The TGA curve of the 120 min heat-treated MWCNTs is
shown in figure 3, which also has shown the trend similar to
60 min heat-treated MWCNTs in terms of purity and thermal
stability of MWCNTs.

Table 2. Inter layer spacing, full-width half-maxima (FWHM) of

MWCNTs.

MWCNTs 20(002) do2) (nm)  FWHMo2) (°)

Raw 25.83 0.3445 1.92

60 min heat treated 25.46 0.3493 1.34
26.56 0.3352 0.28

120 min heat treated 25.51 0.3469 1.34
26.37 0.3357 0.28

XRD patterns of raw MWCNTs, 60 min heat-treated
MWCNTs and 120 min heat-treated MWCNTSs are shown
in figure 4. XRD peak observed near 26 value of 26° cor-
responds to (002) plane, while the peak that was observed
near 26 value of 42° corresponds to (100) plane (figure 4).
Position and the intensity of the (002) peak indicate the
interplanar spacing while the (100) plane indicates the in
plane graphitic structure [8]. Ideal graphite has got an inter-
layer spacing of 0.3348 nm, while the turbostatic graphite
shows an interlayer spacing of 0.344 nm. Smaller (002) inter-
layer spacing, smaller full-width half-maxima (FWHM) of
(002) and higher (002) intensities indicate a highly developed
graphitic structure. By using Bragg’s law interlayer spacing
was calculated for raw, 60 min heat-treated and 120 min
heat-treated MWCNTSs which are shown in table 2.

It can be seen that the interlayer spacing of the raw
MWCNTs is much deviated from the ideal graphitic
structure. This is because raw MWCNTSs are generally
synthesized through CVD method, where the synthesis tem-
peratures are generally in the range of 1000°C. As the MWC-
NTs were not exposed to graphitization temperatures dur-
ing synthesis, they would not show ideal graphitic structure.
Besides this, during the formation of MWCNTs in CVD
chamber, different precipitation rates of the carbon atoms
through catalyst are possible which give a high degree of dis-
order (undulated fringes). This could result in more devia-
tion in interlayer spacing as compared with ideal graphitic
structure for the raw MWCNTSs [13].

TEM images of MWCNTs are shown in figure 5. Raw
MWCNTs have shown metallic impurities (figure 5a). Dur-
ing high-temperature heat treatment, metal impurities were
eliminated by evaporation, while simultaneously structural
perfection has increased. This can be evidenced from the
TEM images of the 60 min heat-treated MWCNTSs, which
have shown linear, stiff graphene layers along the tube axis
(figure 5b). This is because high-temperature heat treat-
ment can give required thermal energy for the diffusion
of the atoms, and thus reorient the structure close to the
ideal graphitic structure [13]. The interlayer spacing values
obtained from the XRD (table 2) for the 60 min heat-treated
MWCNTs (0.3352 nm) also show near ideal graphitic struc-
ture (0.3348 nm). This indicates that even if the MWCNTSs
were grown with turbostatic structure at low tempera-
tures, near graphitic structure can be obtained with high-
temperature heat treatment [16]. Slight difference between
the interlayer spacing of the 60 min heat-treated MWCNTSs
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Figure 5. TEM of MWCNTs: (a) raw MWCNTs with metal
impurities, (b) 60 min heat-treated MWCNTSs with stiff graphene
planes, (¢) 120 min heat-treated MWCNTs with kinks, collapsed
internal walls, deposited carbon soot and (d) 120 min heat-treated
MWCNTs with varying internal hallow core diameters.

as compared with the ideal graphite interlayer spacing could
be due to the restriction in the graphene sheet spacing
inherent to the curved sheet form present in the MWCNTs.

XRD peak of the 60 min heat-treated MWCNTSs has shown
slight asymmetry near 26 value of 26°, indicating initiation
of degradation of MWCNTs. This asymmetry has grown
into two prominent peaks for 120 min heat-treated MWC-
NTs, indicating that d-spacing of internal layers varied sig-
nificantly due to structural degradation with the collapse of
internal walls (figure 5c).

From Bragg’s law it can be seen that there were some
zones with interlayer spacing of 0.349 nm which is close to
turbostatic graphite while the other zones were still having
the interlayer spacing that is close to ideal graphite. Thus,
120 min heat treatment resulted in different interlayer spac-
ings across the diameter of the MWCNTs. Different inter-
layer spacings across the diameter of the MWCNTSs were
also previously reported by some other research groups [6].
This can be attributed to the fact that during prolonged
annealing, different layers having differing diameters experi-
ence varying degrees of internal stresses. The innermost lay-
ers which are having lowest diameter, will have more stress
and will collapse ahead of other inner layers during their
continuous shrinkage due to thermal annealing [11]. On the
other hand, outermost layers may not experience significant
stresses and thus can retain near graphitic structure. Inner-
most layers which collapse due to thermally induced stresses

(b)
©)

Intensity (a.u.)

1000 1500 2000 2500 3000

Raman shift (cm")

Figure 6. Raman spectra of MWCNT samples: (a) pristine
MWCNT, (b) 60 min heat-treated MWCNTs and (c¢) 120 min
heat-treated MWCNTs.

generate carbon species. These carbonaceous materials dif-
fuse out and form a carbon coating on the surface of the
MWCNTs (figure 5¢). Enhanced diameter of the hollow core
of 120 min heat-treated MWCNTs reinforce this mechanism
(figure 5d) [13]. As the collapse of the internal layers con-
tinues, crack-like voids and kinks can develop along the tube
axis (figure 5c¢).

Limited degradation of the innermost layers of the MWC-
NTs when heat treated for 60 min could be because of the
fact that metal catalyst that is present in the raw MWC-
NTs may be acting as a moderating source in prevent-
ing the collapse of the inner layers. As and when carbon
atoms break away from the ordered structure, the metal cat-
alyst forms the metal carbide and again precipitates out
the carbon atoms in ordered graphitic structure mimicking
the CNTs growth mechanism. This kind of second growth
of CNTs during high temperature annealing was reported
earlier by Kim et al [13]. However, once the metal par-
ticles evaporate completely during prolonged heating, no
such reverse integration of the carbon atoms that are dif-
fusing out of the graphitic structure is possible which leads
to complete collapse of the innermost walls. This mecha-
nism is reinforced by the observation that when the heat
treatment was continued for 120 min, MWCNTs with sig-
nificant amount of carbon soot deposited on their surface
can be seen indicating degradation of MWCNTSs under pro-
longed heat treatment process (figure 5c). Thus it is inferred
that high-temperature heat treatment for limited duration
(60 min in the present study) is helping in improving the
graphitic nature of the MWCNTs while prolonged (120 min
in the present study) heating is resulting in significant struc-
tural distortions.

The above structural changes because of high-temperature
heat treatment were also confirmed by Raman spectroscopy
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Table 3. Raman data for raw and heat-treated MWCNTs.

D band G band G’ band FWHM of G band
Sample (cm™) (cm™1) (cm™) In/lg (R) (em™)
Raw MWCNT 1324 1579 2643 1.775 64.6
60 min heat-treated MWCNT 1321 1564 2633 0.692 35.9
120 min heat-treated MWCNT 1321 1568 2633 0.793 28.7
studies. The D band of the Raman spectrum arises out of  References

defects present in the MWCNTs while the G band arises
from the graphitic planes of the MWCNTSs. Ratio of the
intensities of the D band (/p) to G band (1), i.e., Ip/Ig (R
value) is a reasonable index to evaluate the crystal planar
domain size of graphite. Lower the R value, better will be the
structural perfection of the MWCNTs. Raman spectra show
an increased intensity for G band and reduction in the inten-
sity of the D band with 60 min treatment as shown in
figure 6 and table 3. This indicates that during high-
temperature heat treatment, initially up to certain dura-
tion (approximately 60 min in the present study) defects
are healed and the size of in-plane graphitic structure of
MWCNTs is becoming larger. This observation is in con-
sistence with the XRD and TEM studies. However, when
the high-temperature heat treatment was continued for longer
durations (120 min in the present study), severe structural
degradation of the MWCNTs was observed as inferred from
the R value which started to increase (table 3).

5. Conclusions

High-temperature heat treatment at 2600°C in inert atmo-
sphere for controlled durations (60 min in the present study)
can give ultra-high pure MWCNTs. Enhanced structural per-
fection for MWCNTs can also be obtained with this method
provided the high-temperature exposure of MWCNTs is
restricted to controlled durations. Metal impurities which are
present in the MWCNTs act as a moderating source in arrest-
ing the structural collapse of MWCNTSs. Continued heat
treatment of MWCNTSs, even after all metal impurities are
eliminated, causes structural damage to MWCNTSs by col-
lapse of internal walls and interlayer distortions of graphitic
layers.
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